Population growth in the Verde Valley in Arizona has led to efforts to better understand water availability 22 in the watershed. Evapotranspiration (ET) is a critical factor in estimating groundwater recharge in the 23 area and a substantial component of the groundwater budget. In this study, two estimates of soil-moisture 24 ET and two estimates of groundwater ET in the Verde Valley are presented and discussed. Basin-scale 25 soil-moisture potential ET (PET) estimates from the soil-water balance (SWB) and basin characteristics 26 model (BCM) groundwater recharge models are compared. Separately, riparian groundwater ET 27 estimated from a method that uses MODIS-EVI remote sensing data and geospatial information, and from 28 the MODFLOW-EVT ET package as part of a regional groundwater-flow model that includes the study 29 area, are also discussed. Somewhat higher PET rates from the SWB recharge model resulted in an 30 average annual ET volume about 17% greater than for PET from the BCM recharge model. For 31 groundwater ET estimates, annual ET volumes were about the same for upper-bound MODIS-EVI ET for 32 perennial reaches of streams as for the MODFLOW ET estimates, with the small differences between the 33 two methods having minimal impact on annual or longer groundwater budgets for the study area. 34
In contrast with the BCM groundwater recharge model, the SWB model uses actual ET (AET) as the ET 149 term in Eq. (1). AET is calculated in different ways, depending on the amount of precipitation, the rate of 150 potential ET (PET), and the accumulated potential water loss of the soil (Westenbroek et al. 2010 ). In a 151 particular day, if the amount of precipitation in a cell is greater than PET for that cell, then a potential 152 surplus of water exits and AET is equal to PET. If PET is greater than precipitation, AET is equal to the 153 amount of water that can be extracted from available soil water. Soil water is accounted for through a 154 running daily sum of the differences between precipitation and PET and is bounded on the low end by the 155 soils' wilting capacity and on the high end by maximum soil water capacity, computed as the product of 156 available soil-water capacity and vegetation root-zone depth (Westenbroek et al. 2010) . For this study, 157 where PET is potential ET, RS is incoming solar radiation, T is mean temperature in °C, K RS is a 162 calibration coefficient, RA is extraterrestrial radiation, and TD is the measured temperature range 163
(Hargreaves and Samani 1985). Extraterrestial radiation is estimated as a function of the day of year and 164
latitude following the method of Allen et al. (2006) . Required daily climate data was obtained from Oak 165
Ridge National Laboratory (http://daymet.ornl.gov/gridded). These data, known as Daymet, are produced 166 8 by interpolating spatially referenced ground observations. Vegetation root-zone depth information, 167 required for computation of soil-water capacity and AET, was obtained from the maximum vegetation 168 root depths published in Canadell et al. (1996) . For this study, results for PET and three different cases of 169 AET were analyzed. The three AET cases comprise a base case with published maximum root-zone 170 depths from Canadell et al. (1996) , a high soil-water capacity case with root-zone depths of the base case 171 multiplied by 1.5, and a low soil-water-capacity case with root-zone depths of the base case multiplied by 172 0.5. Daily values of PET and AET were summarized on a monthly basis for the study area for 1980 173 through 2010. 174
Although the BCM and SWB groundwater recharge models are similar water-balance type models, 175
there are fundamental differences in approach between the two in how ET is used to estimate recharge. 176
Both models estimate PET, either from the Priestley-Taylor equation (BCM) or the Hargreaves and 177
Samani equation (SWB). However, the SWB model uses an estimate of AET in computing recharge (Eq. 178 1), while BCM uses PET. Additionally, the SWB model calculates the water balance on a daily time step, 179 while the BCM model uses a monthly time step. 180
Groundwater ET estimates 181

The MODIS-EVI method 182
A method for estimating ET using remote sensing and geospatial datasets ( throughout the entire sub-basin, then selecting subset areas along surface water drainages and by land 187 cover where the water for ET is presumed to be derived primarily from groundwater (Fig. 3) . A 188 subsequent accounting of the potential contribution of direct precipitation to vegetation greenness in these 189 subset areas was also performed to provide a minimum bounding estimate of riparian ET of groundwater. were removed, because these areas are normally irrigated in the study area and do not use groundwater 237 directly. All remaining vegetation within the buffer was presumed to be using primarily groundwater for 238 growth and maintenance. Specific land coverages within the NLCD were used to define additional areas 239 of groundwater-using vegetation in the study area that were outside the 50-m surface-drainage buffer. 240 NLCD land classifications of -Herbaceous Wetland‖ and -Woody Wetland‖ were selected to represent 241 locations at which all or nearly all water extracted by plants comes from groundwater. 242
11
Acknowledging the potential for direct precipitation to be at least a partial source of water for 243 vegetation greenness and associated EVI in the subset areas defined above, a lower bound on estimated 244 groundwater discharge by vegetation for the study area was developed by subtracting monthly 245 precipitation (PRISM Group 2011) from monthly groundwater ET estimates developed in this study. 246
Groundwater ET was estimated using the method described above both for all named streams in the 247
Verde Valley study area and separately for only perennial reaches of those streams (Fig. 1b) . Perennial 248 reaches of streams have groundwater levels that are shallow enough to intercept the stream bed, and 249 vegetation along these reaches is presumed to access groundwater throughout the year. Ephemeral 250 reaches of streams are, at least during some period of time, disconnected from groundwater, and 251 vegetation along these reaches may be utilizing soil-water and not groundwater for growth and 252 maintenance. when the water table is at or above the evapotranspiration surface and decrease linearly with depth to a 268 rate of zero at the extinction depth below the ET surface (Fig.5) . range of values, with a maximum difference between the 90 th percentile rate and the median rate of 16 296 mm/month in both May and July in the over 53,400 cells in the study area in which average monthly PET 297 was computed. Monthly soil-moisture PET estimated in the SWB recharge model using the Hargreaves-298
Samani relation follow a similar seasonal pattern, with higher rates about 180-220 mm/month in June and 299
July and lower rates about 33-50 mm/month in December and January (Fig. 6 lower panel) . The range of 300 monthly PET rates from the SWB model is somewhat broader than for BCM-model rates, probably owing 301 to the finer spatial resolution in the SWB model (97,500 cells in the study area) and the daily time step of 302 PET calculations. In the SWB, the maximum difference between the 90 th percentile rate and the median 303 rate is 33 mm/month and occurs in May and June (Fig. 6 lower 
panel). PET rates in the cooler months of 304
October-April are similar between the BCM and SWB-model estimates (medians within 8 mm/month). 305 PET rates in the warmer months of May-September are higher in the SWB model than the BCM model, 306 with median rates from 22 to 52 mm/month higher in SWB-model estimates than in BCM-model 307 estimates (Fig. 6) . PET rates from both the BCM and SWB recharge models are substantially higher than 308 (Fig. 6) . 310 As discussed in the introduction, the SWB recharge model uses AET in the development of recharge 316 estimates which is, as expected, much less than PET in the study area during certain time periods. 317 14 Median AET rates in the SWB model are as much as 150 mm/month lower than PET rates in June and 318 July (Fig. 7) . During warmer months of the year, PET values are high but AET is limited by the 319 availability of soil water. Cooler months have sufficient soil-moisture conditions to satisfy the reduced 320 PET requirements, so AET and PET rates are more similar during November-March. Little variation is 321 seen in AET monthly rates between the high, base case, and low soil-moisture capacity estimations, 322 except somewhat lower median rates in May and June (Fig. 7) , indicating that root-zone depth is not a 323 highly sensitive parameter in the estimation of SWB AET over the range of depths considered. AET rates 324 from the SWB recharge model are more similar to published ponderosa pine rates (Fig. 7) . 325 (Table 1) . The BCM performs water-balance calculations on a monthly basis, and only 339 during months when PET is less than precipitation would there be sufficient available water to produce 340 groundwater recharge. The volume of PET estimated by the SWB recharge model using the Hargreaves-341
Samani relation also follows the seasonal rate pattern, and, as was seen in the monthly rates (Fig. 6) , 342 exhibits significantly higher summer ET volumes than those produced by the BCM recharge model (Fig.  343   8 middle panel) . SWB PET estimates range from lows of about 125×10 6 m 3 per month in winter months 344 15 to highs of over 800×10 6 m 3 per month in many summer months for the 1980 through 2010 time period of 345 SWB simulations (Fig. 8 middle panel) . The average annual SWB-estimated PET is 5,339×10 6 m 3 and is 346 somewhat more variable year to year than BCM PET, probably owing to variability resulting from the 347 daily time step of SWB water-balance calculations (Table 1) . As a result of the expected lower rates 348 described above, AET volume estimates from the SWB recharge model are lower than both BCM and 349 SWB PET estimates (Fig. 8 bottom panel, Table 1 ). Changes in the soil-water capacity parameter over 350 the range of changes in vegetation root-zone depth investigated does not appear to have a large effect on 351 either monthly or annual SWB AET estimates as evidenced by substantial consistency between high 352 AET, base-case AET, and low AET estimates (Fig. 8 bottom panel , Table 1 ). Volume of AET in summer 353 months is somewhat higher for the high soil-water capacity case than the base and low soil-moisture cases 354 (Fig. 8 bottom panel) , but average annual volumes of AET are similar with 1,863×10 6 m 3 , 1,804×10 6 m 3 , 355 and 1,647 ×10 6 m 3 for the high soil-water capacity, base-case, and low soil-water capacity simulations, 356 respectively (Table 1) . Annual AET for all three cases is less than annual precipitation for nearly all 357 years (Table 1) , although SWB computes recharge from a water balance on a daily time step. All SWB 358 AET estimates are significantly less than the BCM PET estimates, both on a monthly (Fig. 8) and annual 359 basis (Table 1 ). All other sources and sinks being equal in their respective water-balance equations, more 360 recharge would be expected from the SWB recharge model than the BCM model for these ET estimates. 361
The PET methods used in this study are similar in that they estimate ET based on climate information 362 and presume an unlimited supply of water. The unlimited-water assumption may be valid in more humid 363 or tropical climates, but in the arid to semi-arid southwestern U.S., the availability of water severely limits 364 the amount of ET by vegetation (compare Figs. 6 and 7) . Not accounting for the water-limiting effects on 365 ET rates and volumes would appear to substantially overestimate ET discharge, and thus underestimate 366 the amount of groundwater recharge in a water-balance approach. 
Groundwater ET results 377
Average monthly rates of upper-bound ET estimated using the MODIS-EVI method also follow a 378 seasonal pattern with lower ET rates in winter months and higher ET rates in summer months (Fig. 9) . 379
Lower bound ET rates are close to zero from December through February, when winter precipitation is 380 sufficient to supply nearly all required water for cool-weather reduced ET. Upper bound ET rates are 381 similar between estimates for all named streams and for estimates from only perennial reaches of streams 382 (Fig. 9) . Lower bound ET rates are also similar for the estimates from all streams and the estimates for 383 only perennial reaches, with maximum differences between median rates of only about 14 mm/month in 384 June (Fig. 9 ). There is a substantial difference between upper and lower-bound monthly rates, both for all 385 streams and perennial reaches, during late-summer months. Median upper and lower bound ET rates 386 differ by over 55 mm/month in August for ET estimates for all Verde Valley streams and for only 387 perennial reaches of the streams (Fig. 9) . This difference is a result of greater precipitation supplying a 388 greater amount of increased summer ET requirements, reducing the amount of water required from 389 Arizona, study area estimated by the MODIS-EVI method for riparian areas near all named streams in the 406 study area (top panels) and for riparian areas near only perennial streams in the study area (bottom 407 panels). All ET demand is satisfied by groundwater in upper bound ET estimates while ET demand is 408 first satisfied by precipitation and then by groundwater in lower bound ET estimates. 409
410
Estimated daily volume of MODIS-EVI ET follows the seasonal rate pattern, with higher daily 411 volumes in summer months and lower volumes in winter months, for upper and lower bound estimates 412 from all streams and from perennial reaches of streams (Fig. 10) . Upper bound perennial-reach daily 413 volumes are consistent in both high and low ET time periods, while all-stream upper-bound estimates 414 vary somewhat from year to year during the summer months (Fig. 10) . More variability in daily volumes 415 is seen in the lower-bound MODIS-EVI estimates, owing to variability in study-area rainfall (both 416 temporally and spatially). While the rates of groundwater ET from all named streams in the study area 417 are similar to rates from perennial reaches of streams (Fig. 9) , the volume estimates are substantially 418 different (Fig. 10) , underscoring the necessity of accurately defining areas where groundwater ET is 419 expected to occur in order to accurately estimate groundwater budgets. ET estimated by the 420 MODFLOW-EVT package is constant during the several-months stress periods of the regional 421 groundwater-flow model, and thus does not reveal a seasonal pattern. The average daily volume of 422 
